Abstract We examined interpolation in 6-and 9-year-old children and in adults, in the two most common forms of fragmentation: subjective and partially occluded contours. Experiment 1 examined the effects on adults' interpolation of contour geometry, specifically, the effect of a scale-dependent factor (i.e., retinal size) and a scale-independent factor (i.e., support ratio). For both subjective and partially occluded contours, interpolation was affected more by support ratio than absolute size. However, subjective contours were less precisely interpolated and their interpolation was affected more by support ratio than was the case for partial occlusion. Experiment 2 used a subset of retinal size and support ratio levels in children and adults. Interpolation of both subjective and occluded contours improved significantly with age, with the two types of contours equally affected by spatial constraints during early childhood. However, while interpolation of occluded contours became more precise with age and less dependent on support ratio by adulthood, interpolation of subjective contours was less improved and became even more tied to support ratio in adulthood. The implications of these differential age-related changes in the spatial constraints on interpolation of the two types of contours for the mechanisms of perceptual completion are discussed.
changes (Kellman, Yin, & Shipley, 1998; Ringach & Shapley, 1996) , and that they are obligatory in that they arise even when they are detrimental to performance (Davis & Driver, 1998; He & Nakayama, 1992; Rensink & Enns, 1998) . A common neural mechanism, manifesting in a modulation in response strength within the lateral occipital complex (LOC) and higher parietal structures, has also been observed (Murray, Foxe, Javitt, & Foxe, 2004) .
There is, however, other evidence suggesting that two separate mechanisms are involved in the interpolation of subjective and occluded contours. For example, while interpolation of subjective contours depends strongly on the prevailing luminance relationships within a scene, interpolation of occluded contours does not (e.g., Anderson, Singh, & Fleming, 2002; Nakayama & Shimojo, 1992) . The shape of the interpolated contours may even change when a figure undergoes a transition from a modal to an amodal appearance (Anderson et al., 2002; Singh, 2004) . The two types of contours also differ in their effect upon attention, with attention tending to spread between inducing elements and completed regions only for the case of subjective contours, for which filling-in arises in the completed region (Davis & Driver, 1997a; 1997b ; but see Gold, Murray, Bennett, & Sekuler, 2000 for different results). Furthermore, single cell recordings in primates (von der Heydt, Peterhans, & Baumgartner, 1984) , as well as neuroimaging data in human observers (Ffytche & Zeki, 1996) , suggest the involvement of low level visual processes common to both hemispheres, namely primary visual areas, particularly V2, in subjective contours. In contrast, the mechanism responsible for occlusion appears to involve higher level processes, lateralized to the right hemisphere (Corballis, Fendrich, Shapley, & Gazzaniga 1999) .
Another unsolved issue concerns the spatial limitations and scale dependency of both types of interpolation. Several studies have demonstrated a more salient perception of subjective contours when the configuration subtends a relatively small visual angle (e.g., Coren, 1972; Dumais & Bradley, 1976; Gegenfurtner, Brown, & Rieger, 1997; Kanizsa, 1976) . Gerbino & Kanizsa (1987) showed that elongation of a subjective blob depends on the retinal gap between endpoints.
Similar effects of retinal size were later observed for partially occluded shapes (Gerbino & Fantoni, 2006) .
There is, however, evidence suggesting a scale invariant perception of both subjective and occluded contours (Ringach & Shapley, 1996; Shipley & Kellman, 1992) . For example, both the time needed for the production of a Kanizsa triangle (Kojo, Liinasuo, & Rovamo, 1993) and the precision of the shape (Shipley & Kellman, 1992) are largely unaffected by retinal size, but substantially enhanced by support ratio (i.e., the ratio of physically present contours length to interpolated contours length; see Figure 2B ). However, these studies often used different shapes for subjective and occluded contours that differed in the amount of curvature (i.e., relatability), a factor that has been shown to critically affect interpolation strength (e.g., Shipley & Kellman, 1992) . Furthermore, the spatial arrangements of the visible edges varied across these different studies, and therefore the quantitative assessment of support ratio for subjective contours often differed from that for occluded contours (typically measured as proportion of occlusion). In some cases, such as circles occluded in a single region, support ratio complements the proportion of occlusion (i.e., a circle occluded in .25 of its contour has a support ratio of .75). In other cases, however, this comparison might not apply, as it is not always clear whether the Btotal edge length,^as it is often referred to in the literature, includes all edges of the square or just those edges that are partially occluded (Guttman, Sekuler, & Kellman 2003) . It is therefore hard to draw conclusions about scale dependency of interpolation, and whether interpolation is limited equally by spatial factors in the case of subjective versus occluded contours. The first experiment examined these questions in adults.
A second purpose of the present study was to examine developmental trends in contour interpolation. This line of research provides contradictory findings regarding the age at which this perceptual skill of interpolation emerges. Measures of the age at which infants first interpolate partially occluded contours vary from 2 months (i.e., object unity; Johnson & Aslin, 1995) to after 6 months of age (Otsuka, Kanazawa, & Yamaguchi 2006) . Measures of the age at which infants are first sensitive to subjective contours ranges from 3-4 months (Ghim, 1990; Johnson & Aslin, 1998; Kavsek, 2002; Otsuka et al., 2006 ; see also Sireteanu, 2000 for vernier offset lines) to after 5 months of age (e.g., Bertenthal, Campos, & Haith, 1980; Condry, Smith, & Spelke, 2001; Csibra, 2001; Treiber & Wilcox, 1980) . Furthermore, studies testing the perceptual representation of a figure formed by subjective contours, specifically whether it has the properties of a real object acting as an occluding surface, provide evidence for this representation only at 8 months of age (Csibra, 2001) . Consistent with this late onset of sensitivity to subjective contours, is the finding that only by 8 months of age do infants begin to show bindingrelated gamma oscillations similar to those of adults while perceiving a static Kanizsa square (Csibra, Davis, Spratling, & Johnson, 2000) . Thus it appears that sensitivity to subjective contours develops later than sensitivity to occluded contours. Yet, in a direct comparison of the emergence of sensitivity to the two types of interpolation, Otsuka et al. (2006) showed the opposite pattern of results with sensitivity to subjective contours developing by 3-4 months and sensitivity to occluded contours developing much later -only after 6 months of age.
This literature also demonstrates substantial influence of spatial and temporal attributes on infants' response to interpolated contours. The perception of subjective contours during infancy depends on support ratio (Otsuka, Kanazawa, & Yamaguchi, 2004) , overall size (Johnson & Aslin, 1995; 1996; Kavsek, 2002) , and presence of motion cues (e.g., Curran, Braddick, Atkinson, Wattam-Bell, & Andrew 1999; Jusczyk, Johnson, Spelke, & Kennedy, 1999) . Three-to 4-month-olds respond to interpolated contours when the support ratio is high enough (Otsuka et al., 2004) , or when motion information is available (Curran et al., 1999; Johnson & Aslin, 1998) . Furthermore, 4-month-olds respond to interpolated contours when the gap over which interpolation is required is relatively small but not when it is relatively large. This critical role of spatial separation between the inducers in infants' perception has been shown both for subjective (Kavsek, 2002) and occluded contours (e.g., Johnson & Aslin, 1995 ,1996 .
Although there is a large body of research on the onset of the ability to interpolate contours during the first year of life, there is little research on changes in this ability beyond infancy. To our knowledge, there are no studies on interpolation of occluded contours in children and only two studies on interpolation of subjective contours (Abravanel, 1982; Hadad, Maurer, & Lewis, 2010a) . Both studies found that interpolation continues to develop beyond infancy. In Abravanel's study, children's recognition accuracy of shapes formed by subjective contours improved from 60 % to 100 % between 3 and 5 years of age (Abravanel, 1982) . Using an objective measurement, we showed that it is only by 12 years of age that children demonstrate adult-like interpolation of subjective contours (Hadad et al. 2010a) . Interestingly, our data also revealed an increased effect of support ratio on interpolation with age. It is still unclear whether these developmental changes, found for subjective contours, reflect general immaturity in the interpolation mechanism underlying completion of any type of missing contours, or whether it is specific to subjective contours. Another unsettled issue concerns the way in which contour geometry may affect interpolation during early childhood. Our recent finding demonstrating lower sensitivity to support ratio at 6 years of age, as well as studies demonstrating the effect of the retinal size of the interpolated contours on interpolation during infancy, raise the possibility that the immature interpolation mechanism is more scale dependent. The second purpose of the present study was to trace the development of interpolation, and the way interpolation varies with contour geometry (i.e., support ratio and retinal size of the interpolated contours) in cases of both subjective and partially occluded contours.
In Experiment 1 we examined the effects of contour geometry on interpolation in adults. Specifically, a scale-dependent factor (i.e., retinal size) and a scale-independent factor (i.e., support ratio) were manipulated independently. In Experiment 2 we used a subset of contour retinal size and support ratio levels to compare interpolation of subjective and partially occluded contours in 6-and 9-year-olds to that in adults.
Experiment 1: Contour interpolation in adults
We examined adults' discrimination of shapes formed by interpolated contours as a function of the retinal size of the contour and the support ratio. To control for any differences between the two types of contours, we compared performance for subjective versus partially occluded contours when the interpolated shape, appearing at the front plane in the first case and at the back in the latter, was otherwise identical. Specifically, we ensured that interpolation occurred across the same four black inducers for both subjective and occluded stimuli.
A shape discrimination task originally developed by Ringach & Shapley (1996) was used. Observers discriminated between Bfat^and Bskinny^stimuli created by rotating the inducers (i.e., corners) of either a Kanizsa square or a partially occluded square ( Fig. 3 ; the inducers in B and C are rotated to form a skinny subjective (top) and occluded (bottom) shape). Stimuli in the luminance-defined control conditions had parabolic contours or surfaces joining adjacent inducers to form the same shape produced by the subjective and occluded contours, respectively (Fig. 1) .
We used a one-up, three-down staircase procedure (Levitt, 1971) to vary the angle of rotation of the inducing elements over trials. The amount of curvature (i.e., the Bfatness^or Bthinness^) of the interpolated shape decreased as this angle of the inducing elements decreased over trials. Thresholds were defined as the minimum angle of rotation for which the observer could accurately discriminate the fat and the thin figures, and were thus taken to indicate precision of interpolation. Thresholds for the interpolated subjective and partially occluded contours were each compared to their luminance-defined counterparts to measure the strength of interpolation of contours into a shape.
Method
Participants The final sample consisted of 24 adults (mean age = 19.6 years, range = 18-26 years; 11 females) with normal or corrected-to-normal vision. Specifically, participants in the final sample had a linear letter acuity (Lighthouse Visual A B C Fig. 3 Rotation of the inducers to produce fat or skinny shapes. Subjective contours are shown on the top and occluded contours on the bottom. α represents the rotation of the top-left inducer around the centre.
Panel A shows the square with no rotation (α = 0). In panel B, α > 0 produces skinny shapes. In panel C, α < 0 produces fat shapes. A staircase procedure was used to vary α over trials Acuity Chart) of at least 20/20 in each eye with a maximum of −1 dioptre of optical correction (to rule out myopia greater than 1 dioptre, which would reduce vision at our testing distance of 100 cm), worse acuity with a +3 dioptre add (to rule out hypermetropia greater than 3 dioptres), fusion at near on the Worth four dot test, and stereo acuity of at least 40 arcsec on the Titmus test. An additional four participants were excluded from the final sample for not passing visual screening.
Apparatus and stimuli Stimuli were generated on an Apple Macintosh Pro G5 computer using the MATLAB programming environment (version 7.4.0.287, MathWorks, Inc., Natick, MA, USA) and Psychophysics Toolbox (Brainard, 1997; Pelli, 1997) . The stimuli were presented on a 21-in color CRT monitor. Pixel resolution was 1600 × 1200, with one pixel corresponding to 0.015°at the testing distance of 100 cm, and the refresh rate was 85 Hz. The mean luminance of the inducers (i.e., corners) was 4.55 cd/m 2 , and the background was 90 cd/m 2 . The contrast between the black elements and the white background was 90 %. Participants viewed the displays binocularly with their heads stabilized on a chin-rest. Figure 1 shows examples of the stimuli. The partial occlusion stimuli had four visible black corners (Guttman & Kellman, 2004) . The subjective contour stimuli were composed of four black circles, each missing a 90°notch, aligned to produce a subjective square, with the inducing edge of each precisely matched the length and location of the inducing edges in the corresponding partially occluded contours stimuli (see Table 1 for specific lengths for both types of stimuli as a function of support ratio and size). In the case of occluded contours, the stimuli contained a white cross-shaped inducer bounded by a 1.8 arcmin black contour (20.4 cd/m 2 ). The different sizes of the occluder in the different conditions are presented in Table 2 . The segment removed from each corner had the shape of a half circle (diameters size are presented in Table 2 ), projected toward the associated corner with tangential extensions. The distance between two of the round notches at closest approach changed as a function of support ratio and size (see Table 2 ).
Displays in the luminance-defined condition ( Fig. 1 ) precisely matched those of the subjective and partially occluded conditions, except that a luminance-defined contour, 6 pixels wide, was added in the former, and a luminance-defined surface in the latter. Specifically, an arc (in the case of the luminance-defined contours) or a surface (in the case of luminance-defined surface) with varying curvature, tangential to the black inducing edges at the points of tangent discontinuity, created the curved edges or surfaces of the fat and the skinny shapes. The four inducers were rotated to produce fat and skinny shapes ( Fig. 3B-C ; Ringach & Shapley, 1996) . The skinny shape was formed by rotating the top-left and the lower-right inducers counterclockwise, and the lower-left and top-right inducers clockwise. Fat shapes were formed employing the opposite pattern of rotation.
The ratio between the two radii of the inducers (2r) and the length of the side of the square (l; see Fig. 2b ) defined the support ratio. This ratio was systematically varied by changing the size of inducing elements, while keeping the square size constant. Ratios of 80 %, 50 %, and 20 % were used. Each of these support ratios was presented in three different display sizes. Square size in the three conditions of support ratio subtended 1.26°, 3.26°, or 5.37°of visual angle for small, medium, and large displays, respectively. The diameter in the relatively high support ratio condition subtended 1.09°, 2.55°, or 5.37°of visual angle for small, medium, and large size, respectively, producing a support ratio of approximately 80 %.
The diameter in the medium support ratio condition subtended 0.66°, 2.72°, or 1.64°of visual angle for small, medium, and large size, respectively, producing a ratio of approximately 50 %, and the diameter in the low support ratio condition subtended 0.34°, 0.63°, or 1.15°of visual angle for small, medium, and large size, respectively, producing a ratio of 20 %. The luminance-defined contours were of medium support ratio and medium size.
Design The experiment employed an orthogonal combination of three factors, all manipulated within subject: contour type (subjective or partially occluded contour), support ratio (20 %, 50 %, and 80 %), and absolute size (small (1.26°), medium (3.26°), and large (5.37°)).
Procedure The procedure was explained and informed consent was obtained from the participants. The experiment was conducted in accordance with the code of ethics of the World Medical Association (Declaration of Helsinki), and approval was given by the McMaster Research Ethics Board. Participants sat 100 cm from the monitor with their head stabilized in a chin-rest. Participants completed 20 tests: three support ratios (20 %, 50 %, and 80 %), and three sizes (small, medium, and large) for each of type of contour (subjective or partially occluded contour), as well as the corresponding luminance-defined conditions. Order of presentation for the type of contour (subjective or partially occluded contour) was counterbalanced across participants. Orders of support ratios were determined by a Latin Square. The order of testing for the three sizes was randomized within each support ratio.
Participants were instructed to fixate on a 1.15°black circle in the centre of the screen at the beginning of each trial followed by a 250-ms delay. The shape was then presented for 1000 ms. Participants judged whether the shape was fat or skinny, and the experimenter pressed the corresponding key. A one-up, three-down staircase procedure was used to vary the amount of curvature over trials, producing correct response rate equivalent to 79.4 % accuracy (Levitt, 1971) . A separate staircase was employed for each combination of support ratio and display size, with fat and skinny shapes appearing with equal probability and in random order in each. The first trial in each staircase contained a display of 10°rotated inducers. After three consecutive correct responses, the angle of rotation was reduced by one octave to 5°. Following an error, the staircase reversed directions and a stimulus with a larger rotation angle was presented until three consecutive correct responses were made, after which the direction of the staircase reversed again to present successively smaller angles. The step size changed from one octave to half-octave intervals after two changes in the direction of the staircase (Breversals^). Testing ended after ten reversals, or after a maximum of 80 trials. For each observer, in each of the conditions, thresholds were calculated as the mean rotation angle of the final six reversals. Thresholds were defined as the minimum angle of rotation needed to accurately discriminate the interpolated shape as fat or skinny, and thus were taken to indicate interpolation precision.
Testing was preceded by demonstration trials, criterion trials, and a practice run with the same type of stimulus used in the test that was to follow. A full description of this procedure is presented in Hadad et al. (2010a Hadad et al. ( , 2010b . Briefly, demonstration consisted of two trials, one with the fat and the other with the skinny shape, with 10°rotations of the inducers employed in each. The skinny 10°display was then repeated accompanied first by an example of positive feedback and then by an example of negative feedback. Subjects were then presented with criterion trials to verify they understood the task. These included a block of four trials with the same angle of rotation (10°) as the demonstration trials, with skinny and fat shapes presented in a random order. Participants had to judge correctly the shape on all four trials within a block, having three chances to meet this criterion in order to be included in the study. Observers then completed a practice run which was identical to the actual test. Data from the practice run was not included in the analyses. Participants completed the whole set of tests in one session that lasted approximately an hour, including breaks. Figure 4 shows performance on the shape discrimination task as a function of support ratio and retinal size, for each contour type. In a trimming procedure, each threshold was first converted to a Z score using the mean and standard deviation for a specific condition. Z scores greater than +2.5 or less than −2.5 were replaced with the original group mean (see Kirk, 1990) . Eleven data points were replaced, seven from subjective contours and four from occluded contours. Preliminary analyses revealed no significant effect of order of conditions, nor any interactions involving this factor, Fs<1. The results were thus collapsed across this factor.
Results
As expected, no significant difference was revealed between thresholds for the luminance-defined stimuli of the subjective and partially occluded shapes, t (23) = 0.23, p > .82, indicating that when no interpolation is required, shape discrimination is fairly similar across these two types of displays. This allowed us to attribute any differences observed in the interpolated conditions to the interpolation process itself, rather than to any general differences in the stimuli or in task difficulty.
A repeated measures ANOVA was carried out with support ratio (80 %, 50 %, and 20 %), retinal size (small, medium, and large), and contour type (subjective or partially occluded contour) as within-subject factors. The analyses revealed significant differences in thresholds obtained for subjective and occluded contours, F (1, 23) = 25.60, p < 0.001, η 2 p = 0.53, indicating higher thresholds for subjective contours (M = 1.01°and 0.59°, for subjective and partially occluded contours, respectively). Interpolation of both types of contours varied with support ratio, F (1, 23) = 35.51, p < 0.001, η 2 p = 0.61; F (1, 23) = 64.57, p < 0.001, η 2 p = 0.74, for subjective and occluded contours, respectively. However, a significant interaction between contour type and support ratio was also found, F (1, 23) = 17.63, p < 0.001, η 2 p = 0.43), suggesting a different pattern of the effect of support ratio on interpolation for the two types of contours. For subjective contours (see Fig. 4a ), trend analysis revealed both linear and quadratic significant components, for all displays sizes (Large size: linear component: F (1, 22) = 7.60, p < 0.01, η . This pattern reflects a substantial effect of support ratio throughout the different levels of this factor, with a more substantial effect, however, when support ratio decreased to 20 %. A significant interaction among contour type, support ratio, and retinal size, F (1, 23) = 9.33, p < 0.01, η 2 p = 0.29, further suggests this effect of support ratio increased for smaller display sizes. A different pattern was observed for partially occluded contours (see Fig. 4b ). Trend analysis revealed that the function of the effect of support ratio in this case is better described by a quadratic trend, for all size conditions (significant quadratic components: Large size: F (1, 22) = 9.67, p < 0.005, η . This indicates that for the case of partial occlusion the effect of support ratio originates mainly from the difference between medium and low support ratio. Altogether, these results suggest a more pronounced effect of support ratio for subjective contours, particularly, as can be seen in Fig. 4 , for the smaller displays.
Discussion
The results from adults show that interpolation in both cases of subjective and partially occluded contours is tied more to support ratio than to retinal size. Over a rather large range of figure sizes, support ratio appears to be a reliable predictor of interpolation strength, with higher support ratios resulting in more precise contour representations. Although there appears to be an effect of retinal size on interpolation, it originates mainly from the smaller size of the displays (see Fig. 4 Tryon and Lewis (2008) and Shipley & Kellman, 1992 , for similar results). Furthermore, these effects of size, indicating better thresholds for large inducers, are in the opposite direction to previous effects reported in the literature (Dumais & Bradley, 1976; Gerbino & Fantoni, 2006) . The extreme levels of support ratio and retinal size of displays (i.e., 20 % support ratio and visual angle of 1.26°) resulted in extremely small inducers, possibly hindering interpolation and the curvature of the shape. This suggests that there might be a minimum amount of physically present contour required for proper interpolation to occur.
The finding of a stronger dependence of interpolation on support ratio than on retinal size for both types of contours is not surprising (Gillam, 1981; Shipley & Kellman, 1992) . This factor of support ratio is scale invariant, and contrary to the projected size of elements or the projected distance between elements, does not vary with the observer's distance from the object. Processes determining the unity of separated projected areas, such as interpolation of contours into bounded objects, are thus expected to depend more on support ratio, rather than on projected size. It should be noted, however, that larger absolute sizes than those used here could restrict interpolation even in adults, as evident in neurophysiologic studies in both animals (e.g., Kapadia, Ito, Gilbert, & Westheimer, 1995; Stettler, Das, Bennett, & Gilbert, 2002) and humans (e.g., Kapadia et al., 1995) .
The present results also reveal systematic differences between interpolation of subjective and partially occluded contours into a shape. First, contour representations emerging from interpolation of subjective contours were less precise compared to those of occluded contours. Furthermore, there were differences in the spatial constraints of interpolation of subjective and partially occluded contours. For subjective contours, higher support ratios (80 %) were more precisely interpolated compared to medium support ratios (50 %), which were more precisely interpolated compared to the lower support ratios (20 %). However, for partially occluded contours, high and medium support ratios were interpolated with equal precision. It was only when support ratio was reduced to 20 % that interpolation produced less precise representations. Combined, these data suggest that the effect of support ratio is more pronounced for subjective contours, and that the interpolation of the two types of the contours is not equally affected by the inducers' geometry.
Although these differences are largely inconsistent with the currently held version of the identity hypothesis, a possible interpretation of these differences might be that the two forms of completion do share a common mechanism, but this mechanism has a parameter that can take on different values and be reset, depending on the type of contours involved (Singh, 2004) . In any case, these results indicate that interpolation in the mature visual system is mostly limited by scale independent factors (i.e., support ratio) and that these factors more substantially limit interpolation in the case of subjective contours. Experiment 2 tested spatial limitations of these two cases of interpolation in children.
Experiment 2 -Development of contour interpolation
Children aged 6 and 9 years and adults performed the same shape discrimination task as in Experiment 1, except that two levels of support ratio (30 %, 80 %) and two levels of display sizes (3.26°, 5.37°) were chosen from the nine conditions tested in Experiment 1. To maximize the effect of support ratio while collecting reliable data in our youngest age group, we increased the support ratio in the low support condition from 20 % to 30 %. This experiment examined whether spatial constraints of interpolation change during childhood and determined the developmental stage at which these interpolation processes become adult-like.
Method
Participants Three age groups, 24 in each, participated in the experiment: 6-year-olds (mean age = 5.48 years, range = 5.09-6.02 years, 11 female), 9-year-olds (mean age = 8.75 years, range = 8.1-9.0 years, 12 female), and adults (mean age = 19.20 years, range = 18.01-22.04 years, 11 female).
All participants met our criteria on a visual screening examination. Visual screening was identical to that described in Experiment 1, except that 6-year-olds were tested using the Cambridge Crowding Cards. Six-year-olds had a linear letter acuity (Cambridge Crowding Cards) of at least 20/25 in each eye with a maximum of −1 dioptre of optical correction. Nine participants were excluded from the final sample: three 6-year-olds (two of whom failed visual screening and one who did not complete both sessions of the experiment), one 9-yearold who failed visual screening, and five adults, all of whom failed visual screening. We obtained consent from the parents of the children and assent from the children themselves.
Apparatus and stimuli The apparatus and stimuli were identical to those used in Experiment 1 with the following exceptions. The diameter of the low support ratio condition was changed to 0.92°and 1.6°of visual angle, for medium and large sizes, respectively, giving rise to a ratio of 30 %.
Design The experiment employed orthogonal combinations of two factors, both manipulated within subject: contour type (subjective contours or partially occluded contours) and support ratio (30 % and 80 %). Absolute size was varied between subjects (3.26°and 5.37°).
Procedure The procedure was identical to Experiment 1, with the following exceptions. Participants completed six tests on one display size (3.26°or 5.37°): two levels of support ratio (30 % and 80 %) for each contour type (subjective contour and occluded contour), as well as a corresponding luminancedefined condition. Six-year-olds participated in two 1-hour sessions within a 2-week period, whereas 9-year-olds and adults completed the procedure in a single 1-hour session.
Results
Mean raw thresholds for the shape discrimination task are presented on Tables 3 and 4 , as a function of age and support ratio, for each type of contour and size. Twenty-eight data points were replaced by using the trimming procedure described in Experiment 1. Eight data points were replaced in adults and ten data points were replaced in 6-and 9-year-olds (five in each age group). Preliminary analyses revealed no significant effect of the order of the conditions, F < 1, nor any interactions involving this factor. The results were thus collapsed across order.
We first examined age-related changes in the control conditions in which no interpolation was required, conducting a repeated measures ANOVA with sensitivity to luminancedefined contours (subjective control, occluded control) as a within-subject factor, and age as a between-subject factor. A significant effect of type of control condition, F (1, 142) = 22.86, p < 0.001, η p 2 = 0.14, indicated that thresholds for the luminance-defined contour (control for the subjective contours displays) were higher (M= 1.24°) than thresholds for the luminance-defined surface (M= .95°; control for the partially occluded displays). A significant main effect of age was found for luminance-defined conditions, F (2, 142) = 119.62, p < 0.001, η p 2 = 0.63, as well as an interaction between the type of luminance-defined contour and age, F (2, 142) = 18.19, p < 0.001, η p 2 = 0.20. Thresholds for both luminance-defined contours and luminance-defined surfaces improved with age, F (2, 142) = 99.58, p < 0.001, η p 2 = 0.58; F (2, 142) = 64.76, p < 0.001, η p 2 = 0.47, respectively. Inspection of Tables 3 and 4 suggests the interaction of age and contour type arose because the improvement after age 5 years was greater for luminancedefined contours than for luminance-defined surfaces. Posthoc comparisons showed that in both cases, performance reached adult-like levels at 9 years of age (ps < .05).
Because of the differences observed between the control conditions of subjective and partially occluded contours and the differences documented across age, we calculated an index for interpolation cost for each condition. Specifically, this index was calculated by determining the difference between the interpolated threshold and the luminance-defined threshold divided by the luminance-defined threshold (see Eq. 1). The resulting index estimates the precision of the representation emerging from the interpolation, indicating the cost associated with interpolation when luminance-defined contours are not physically specified. Values statistically equal to zero indicate no cost for the interpolation of the contours into a shape. Higher values indicate a larger cost associated with interpolation.
Interpolation cost
¼ interpolation threshold−luminance defined threshold luminance−defined threshold ð1Þ Figure 5 shows means of interpolation cost as a function of age and support ratio, for each type of contour and size. A repeated measures ANOVA was carried out with support ratio (30 %, 80 %) and contour type (subjective contour, occluded contour) as within-subject factors, and age (6-and 9-year-olds and adults) and size (3.26°, 5.37°) as between-subject factors. As expected, a significant effect of age was observed, F (2, 139) = 7.53, p < 0.001, η p 2 = 0.10, as well as an effect of display size, F (1, 139) = 7.08, p < 0.001, η p 2 = 0.09, and of support ratio, F (1, 139) = 168.71, p < 0.0001, η p 2 = 0.55. More importantly, the analysis revealed a significant twoway interaction between contour type (subjective, occluded contours) and age, F (2, 139) = 4.29, p < 0.002, η p 2 = 0.06, as well as a marginally significant interaction between contour type, age, and support ratio, F (2, 139) = 2.86, p < 0.06, η p 2 = 0.08. For adults, interpolation cost varied between the two contour types, F (1,47) = 17.09, p < 0.0001, η p 2 = 0.27, showing that while this cost was significantly different from zero in the case of subjective contours (M = .57; t (48) = 4.17, p < 0.001), there was no cost associated with interpolating occluded contours (M = −.07). In contrast, for 6-and 9-year-olds, there was cost associated with interpolating both subjective contours (M = 0.39, M = 0.84, respectively) and occluded contours (M = 0.62, M = 0.63, respectively). In fact, there were no significant differences in cost between the two cases of interpolation, for both the younger and the older groups of children, F (1,46) = 2.11, p >.15; F < 1, for 6-and 9-year-olds, respectively. Furthermore, for adults, the effect of support ratio interacted with contour type, F (1,47) = 10.59, p < 0.02, η p 2 = 0.18, indicating again a more pronounced effect of support ratio for subjective contours compared to occluded contours (see Fig. 5 ). For children, in contrast, this effect of support ratio, F (1, 46) = 50.20, p < 0.0001, η p 2 = 0.51; F (1,46) = 52.68, p < 0.0001, η p 2 = 0.53, for 6-and 9-year-olds, respectively, did not vary between contour types, Fs < 1.
Interestingly, this three-way interaction between contour type, support ratio, and age group also suggests different developmental trajectories for the spatial constraints limiting interpolation in the two cases of contours (see Fig. 5 ). For the low support partially occluded displays, thresholds improved with age: specifically, cost decreased with age, F (2,141) = 5.16, p < 0.007, η p 2 = 0.07, with both 6-and 9-year-old children showing higher cost than adults (ps< .05). For the low support subjective contours, on the other hand, age-related changes in thresholds displays show increments with age, F (2,141) = 4.01, p < 0.02, η p 2 = 0.06 (see Hadad et al., 2010a , for similar results), with post-hoc comparisons showing that interpolation cost at 9 years of age is higher than at 6 years (p< .05), with an adult mean still slightly higher than at age 6 years. Altogether the results indicate different developmental trajectories for the interpolation of subjective and partially occluded contours as well as substantial changes in the spatial constraints of these two types of interpolation during childhood.
Discussion
Using a subset of levels of support ratio and absolute size of the contours, we replicated the pattern of results for adults obtained in Experiment 1, showing again that interpolation in adulthood is tied more to support ratio than to the absolute size of the interpolated contours. These spatial constraints were found for both types of contours. However, the results also indicate again that subjective contours are less precisely interpolated and interpolation in this case is more restricted by support ratio than in the case of partial occlusion. This pattern suggests that an identical initial interpolation mechanism might underlie the perception of subjective and occluded contours, but that other perceptual and cognitive processes must be involved, differently affecting the final representations of these two types of contours. We will go back to this point later in the General Discussion.
Experiment 2 further compared the interpolation of subjective and occluded contours by tracing their developmental courses, examining whether the spatial limitations of interpolation of these two types of contours differ at different points during development. The results demonstrated age-related changes in the spatial constraints on interpolation and different developmental trajectories for the two types of perceptual completion. Interpolation of both subjective and occluded contours was equally affected by spatial constraints during early childhood. However, while interpolation in the case of occlusion became more precise with age and less dependent on support ratio in adulthood, there was no consistent evidence for improvement with age in interpolating subjective contours (when computed in terms of interpolation cost) and their interpolation became even more tied to support ratio in adulthood. However, as this is the first direct comparison of interpolation of the two types of contours across age, these conclusions about the differential developmental trends for subjective and occluded contours must await further investigation.
The effect shown here of contour geometry on interpolation in young childhood is in agreement with the effect of spatial distances shown in contour integration studies (Kovacs et al., 1999; Hadad et al. 2010a Hadad et al. , 2010b . Both interpolation in the cases of subjective and occluded contours and integration of fragmented elements into a contour is critically restricted during childhood by the spatial distance over which this perceptual process is employed, with both cases of contour perception extending over nearly the same spatial distances. It has been shown that long-range horizontal interactions in V1 mediating spatial integration can be augmented over a number of nodes in a network of connections, as long as the spacing between elements is kept within a critical distance even in adults (e.g., Stettler, Das, Bennett, & Gilbert, 2002) . These long-range facilitatory interactions between orientation-tuned spatial channels that seem to span shorter distances in children than in adults (e.g., Kovacs, Kozma, Feher, & Benedek, 1999) may underlie children's performance both in the case of contour interpolation and in the contour integration task.
Visual perception of objects depends on interpolation and grouping processes that often act on fragmentary and missing input. The rather protracted development that we found here for this basic ability of contour interpolation may underlie a group of visual functions with protracted developmental sequences. Each of these visual functions involves interpolation and integration among elements into a global visual pattern. These include the ability to group fragmented contours into a coherent shape (Hadad & Kimchi, 2006) , the detection of a global form in Glass patterns (Lewis et al., 2002) , configural face processing (Mondloch, Le Grand, & Maurer, 2002 ; but see Crookes & McKone, 2009) , and configural processing of hierarchical patterns (Burack, Iarocci, & Randolph, 2000; Kimchi et al., 2005; Mondloch, Geldart, Maurer, & de Schonen, 2003) . This delayed maturation of perceptual processes underlying object perception may be explained, at least in part, by immature contour interpolation processes which connect visible contours across gaps to produce units that correspond more accurately to the actual objects in a scene.
General discussion
A large body of empirical evidence as well as logical arguments have been accumulated to support the notion of a common underlying interpolation mechanism which produces precise and, according to this notion, identical representations of contours in both subjective and occluded interpolation cases (Kellman, Temesvary, Palmer, & Shipley, 2000; Kellman et al., 1998) . The identity hypothesis suggests a local-based computational process by which interpolation processes operate (for more details, see Kellman, 2003; Kellman, Guttman, & Wickens, 2001; Kellman & Shipley, 1991) . Specifically, tangent discontinuity, places at intersections or junctions in the stimuli where contours have no unique orientation, have been defined as points at which computations subserving interpolation begin. It has been proposed that cells sensitive to the contours that end in their receptive fields in the visual cortex (often called Bend-stopped^cells) underlie the detection of these junctions (e.g., Heitger, Rosenthaler, von der Heydt, Peterhans, & Kübler 1992) . This local mechanism is strongly governed by contour relatability, such that contours that are smooth and monotonic, and at their endpoints match the slopes of real contours, are more readily interpolated (Kellman & Shipley, 1991) . Given this critical role of relatability, some tolerance around collinearity early in life, with gradual decrease in this tolerance as perceptual experience accrues (Hadad et al., 2010b) , might underlie the agerelated changes in interpretation observed here.
Several neural models of contour interpolation have been proposed (e.g., Grossberg & Mingolla, 1985; Heitger, von der Heydt, Peterhans, Rosenthaler, & Kübler 1998; reviewed in Kellman, 2003) . It has been suggested that physically present edges on either side of the interpolated gap trigger nonlinear grouping operators mediated by bipole cells (Heitger et al., 1998) . Computations subserving interpolation may also be mediated by an interactive network of orientation-signaling units generating facilitative horizontal interactions triggered by successive activation of adjacent edge sensitive neurons (Field, Hayes, & Hess, 1993) .
Although studied separately, the processes of contour integration and interpolation of fragmented contours are both likely to be mediated by these possible neural mechanisms. Consistent with this suggestion, the two different literatures demonstrate similar restrictions of contour geometry and scale-dependence of these perceptual mechanisms. In both cases, for example, it has been shown that the mature mechanism in adults is tied more to scale-invariant factors (e.g., Shipley & Kellman, 1992; Sigman, Cecchi, Gilbert, & Magnasco, 2001 ) and the developing mechanism spans shorter spatial distances compared to those in adults (e.g., Kovács, 2000; Hadad, Maurer, & Lewis, 2010b) . These psychophysical findings have been steadily gaining neurophysiological support. Responses of V1 neurons are modulated by the joint presence of contour elements within the receptive field and its surround (e.g., Kapadia, Ito, Gilbert, & Westheimer, 1995) . Interactions between these neurons depends on the precise geometrical arrangement of segments and through these interactions neural responses become selective for combinations of stimulus characteristics that can extend far from the receptive field core (Sigman et al., 2001) . The nature of these interactions is determined by contour geometry and visual characteristics that have been shown to affect both contour interpolation and integration of segments into a contour, such as the spatial arrangement and the orientation of the segments within the visual scene. For these different perceptual phenomena, processing depends on a precise geometrical arrangement of the segments in a manner corresponding to the specificity of linkage of cortical columns by long-range horizontal connections. It is possible then that the perceptual organization of segments into completed coherent contours in the different cases of fragmented, occluded, and subjective contours share common neuronal mechanism involving horizontal intrinsic connections in V1 (e.g., Spillmann & Werner, 1996) . The final percept and the different phenomenology arising from these different cases could result from possible reentrant feedback projections diverging to cells at lower levels which respond selectively to specific properties of the visual input. These preliminary speculations, however, are beyond the scope of the current work, and thus must await further investigation.
These neural mechanisms take time to develop. Functioning of the Bend-stopped^cells in visual cortex involved in junction detection has been shown to undergo substantial development (e.g., Pack, Livingstone, Duffy, & Born, 2003) . Long-range facilitatory integrations between orientationtuned spatial channels become adult-like only towards the end of childhood (Kovács, 1996 (Kovács, , 2000 . Cortical connectivity in Layers 2 and 3 of V1 seems to be immature even at 5 years of age (Burkhalter, Bernardo, & Charles, 1993) , and the development of feedback connections between V1 and V2 also seems delayed (Burkhalter, 1993) . These later developing connections have been proposed as part of the physiological mechanism enabling the improvement with age in interpolating and integrating fragmented input (Kovács, 1996 (Kovács, , 2000 .
However, there is more than one process at work in perceptual completion. In addition to the relatively local interpolation process based on contour relatability, there are other, more global processes involved. Contrary to the large body of evidence for local mechanism of interpolation demonstrating, for example, that interpolation works equally well when the outcomes are familiar or unfamiliar, symmetric or asymmetric (e.g., Kellman, 2003) , global cues have often been shown to be important. Evidence from priming studies, for example, has demonstrated both local and global effects in interpolation (Sekuler, Palmer, & Flynn, 1994; van Lier, van der Helm, & Leeuwenberg, 1995) . However, the role of these global cues seems different in the two cases of interpolated contours: only in an occluded display are observers aware that part of an object is hidden from view. The two types of completion also differ in basic aspects of scene representation, such as their depth relations with adjacent surfaces. Cognitive processes may thus play a more substantial role in the case of partial occlusion. Consistent with this hypothesis is the work showing that occluded contours can be completed even in a patient with visual agnosia, who is impaired in both binding of contours to shapes and in the computation of figure-ground relations in overlapping shapes (Giersch, Humphreys, Boucart, & Kovács, 2000) . This implies that although computations of contours between collinear segments are based on long-range connections within early visual areas (e.g., Gilbert & Wiesel, 1989) , they are likely to be supported by higher-level processes (Lesher, 1995) . Age-related changes in these cognitive processes and their possible role in perceptual completion may explain the present results: partially occluded and subjective contours seem similar both in the precision of the interpolated contours (thresholds) and in the spatial constraints on their interpolation during early childhood. With age, cognitive processes might come into play in a more substantial way for partial occlusion leading to greater precision of the interpolated representations and a reduced influence of geometrical factors such as support ratio.
Different processes seem to underlie the age-related changes in the interpolation of subjective contours than those responsible for the changes for partial occlusion. At all ages, sensitivity to subjective contours was better with higher support ratio than with lower support ratio. However, the effect of support ratio increased with age (see Hadad et al., 2010a , for similar results). These results suggest that, during middle childhood, the interpolation of subjective contours becomes tied to the support ratio, so that contours that are more likely to reflect real objects' contours (i.e., highly supported contours) are more readily interpolated (Hadad et al., 2010a) . Contrary to the visual angle formed by the absolute length of the interpolated contour that varies with distance (l in Fig. 2b ), this ratio of the physically specified contours to the total physically specified contours (2r/l in Fig. 2b ) is invariant across viewing distances. In other words, strength of interpolation of a single object with a given support ratio remains constant across different distances, allowing a single object to be perceived as a bounded entity regardless of its distance from the observer. Our results suggest that this scale-invariant mechanism, allowing perceptual constancy and unified perception of objects, evolves gradually during development. Developmental studies on size constancy in children are consistent with this interpretation showing, for example, that 5-and 6-year-olds underestimate the size of a distant object, and it is only at 9 years of age that children exhibit size constancy for distant objects (Granrud & Schmechel, 2006) . The increased sensitivity of the visual system with age to scale-invariant factors, such as support ratio, might be a result of statistical learning of natural contours accumulating over the years. The visual system may increasingly use this information on natural contours in perceiving the unity of objects, designating highly supported contours as better candidates for composing a single bounded object than contours with lower support ratios.
The differential age-related changes in the two types of visual completion might also be attributed to the difference in the rate of occurrence of these two perceptual events in real-world settings. Given that the environmental conditions that give rise to camouflage are much more restricted than those that give rise to partial occlusion (e.g., Anderson et al., 2002) , it is reasonable to expect that the visual system has developed first a mechanism to transcend input fragmentation arising from partial occlusion, urging perceptual completion abilities to attain the ultimate level of functioning in a relatively little time.
